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1. 

TWO-STAGE POWER DELVERY 
ARCHITECTURE 

TECHNICAL FIELD 

The present disclosure generally relates to integrated cir 
cuits (ICs). More specifically, the present disclosure relates to 
two-stage power delivery architectures and related technolo 
gies to make and use them. 

BACKGROUND 

For integrated circuits used in wireless communication 
devices or other high-speed digital electronics, a power deliv 
ery network Supplies power to the various components of the 
overall system. A power delivery network may include a 
Voltage regulator module that regulates Voltage for a compo 
nent. 
Dynamic Voltage and frequency scaling are techniques for 

power savings. For example, a component may switch to a 
low power mode where lower voltage is used under certain 
circumstances. When the operating Voltage changes, the com 
ponent (e.g., a processor) may also operate at a lower fre 
quency. Whena Voltage used by the component decreases, the 
Voltage regulator module adjusts the power Supplied to the 
component. 
A conventional power delivery network utilizes a three 

stage architecture. The Voltage regulator feedback point and 
the point of load are far from each other in a three-stage 
architecture. The distance between the voltage regulator feed 
back point and the point of load causes a slower response in 
terms of dynamic voltage and frequency scaling. Slow 
dynamic Voltage and frequency scaling leads to power inef 
ficiency and a degradation in the overall performance of the 
power delivery network. Furthermore, the three-stage power 
delivery network architecture has more components and 
materials to fabricate, resulting in higher manufacturing 
COStS. 

SUMMARY 

In one aspect, a two-stage power delivery network includes 
a Voltage regulator and an interposer. The interposer includes 
a packaging Substrate having an embedded inductor. The 
embedded inductor includes a set of traces and a set of 
through substrate vias at opposing ends of the traces. The 
interposer is coupled to the Voltage regulator. The two-stage 
power delivery network also includes a semiconductor die 
Supported by the packaging Substrate. The two-stage power 
delivery network also includes a capacitor that is Supported 
by the packaging Substrate. The capacitor is operable to pro 
vide a decoupling capacitance associated with the semicon 
ductor die and a capacitance to reduce a Switching noise of the 
Voltage regulator. 

Another aspect discloses a two-stage power delivery net 
work that includes a first stage and a second stage. The first 
stage includes a Voltage regulator. The second stage includes 
an output device. The two-stage power delivery network also 
includes a single capacitance between the first stage and the 
second stage. The single capacitance includes a capacitance 
to reduce a Switching noise from the Voltage regulator and a 
decoupling capacitance associated with the output device. 

In another aspect, a method of fabricating a two-stage 
power delivery network is disclosed. The method includes 
fabricating a set of through substrate vias in a packaging 
substrate. The method also includes depositing a first set of 
traces on a first Surface of the packaging Substrate. The 
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2 
method also includes coupling the first traces to the through 
Substrate Vias. The method also includes depositing a second 
set of traces on a second Surface of the packaging Substrate. 
The method also includes coupling the second traces in a 
serpentine manner to the first traces on the first surface of the 
packaging Substrate to form a 3D inductor. The method fur 
ther includes fabricating a capacitor on the packaging Sub 
Strate. 

Another aspect discloses a two-stage power delivery net 
work that includes a Voltage regulator and an interposer. The 
interposer includes a packaging Substrate having an embed 
ded inductor including a set of traces and a set of through 
Substrate Viasat opposing ends of the traces. The interposer is 
coupled to the Voltage regulator. The two-stage power deliv 
ery network also includes a die Supported by the packaging 
substrate. The two-stage power delivery network also 
includes a means for storing charge Supported by the pack 
aging Substrate. The means for storing charge includes means 
for decoupling stored charge associated with the die and 
means for reducing a Switching noise of the Voltage regulator. 

This has outlined, rather broadly, the features and technical 
advantages of the present disclosure in order that the detailed 
description that follows may be better understood. Additional 
features and advantages of the disclosure will be described 
below. It should be appreciated by those skilled in the art that 
this disclosure may be readily utilized as a basis for modify 
ing or designing other structures for carrying out the same 
purposes of the present disclosure. It should also be realized 
by those skilled in the art that such equivalent constructions 
do not depart from the teachings of the disclosure as set forth 
in the appended claims. The novel features, which are 
believed to be characteristic of the disclosure, both as to its 
organization and method of operation, together with further 
objects and advantages, will be better understood from the 
following description when considered in connection with 
the accompanying figures. It is to be expressly understood, 
however, that each of the figures is provided for the purpose of 
illustration and description only and is not intended as a 
definition of the limits of the present disclosure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present disclo 
Sure, reference is now made to the following description taken 
in conjunction with the accompanying drawings. 

FIG. 1 is a schematic diagram of a two-stage power deliv 
ery network according to an aspect of the present disclosure. 

FIG. 2 is a diagram of a two-stage power delivery network 
according to an aspect of the present disclosure. 

FIGS. 3 and 4 are perspective views of inductors that may 
be used in a two-stage power delivery network implementa 
tion according to aspects of the present disclosure. 

FIG. 5A is a diagram of a two-stage power delivery net 
work implementation according to an aspect of the present 
disclosure. 

FIG. 5B is a diagram of a two-stage power delivery net 
work implementation according to an aspect of the present 
disclosure. 

FIG. 5C is a diagram of a two-stage power delivery net 
work implementation according to an aspect of the present 
disclosure. 
FIG.5D is a diagram of a two-stage power delivery net 

work implementation according to an aspect of the present 
disclosure. 

FIG. 5E is a close-up diagram of a two-stage power deliv 
ery network implementation according to an aspect of the 
present disclosure. 
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FIG. 6 is a process flow diagram illustrating a method of 
making a two-stage power delivery network according to an 
aspect of the present disclosure. 

FIG. 7 is a block diagram showing an exemplary wireless 
communication system in which a configuration of the dis 
closure may be advantageously employed. 

FIG. 8 is a block diagram illustrating a design workstation 
used for circuit, layout, and logic design of a semiconductor 
component according to one configuration. 

DETAILED DESCRIPTION 

The detailed description set forth below, in connection with 
the appended drawings, is intended as a description of various 
configurations and is not intended to represent the only con 
figurations in which the concepts described herein may be 
practiced. The detailed description includes specific details 
for the purpose of providing a thorough understanding of the 
various concepts. However, it will be apparent to those skilled 
in the art that these concepts may be practiced without these 
specific details. In some instances, well-known structures and 
components are shown in block diagram form in order to 
avoid obscuring Such concepts. As described herein, the use 
of the term “and/or is intended to represent an “inclusive 
OR', and the use of the term 'or' is intended to represent an 
“exclusive OR. 
A conventional three-stage power delivery network usually 

includes (1) low-pass filtering on-board capacitance, (2) an 
on-package decoupling capacitance (“decap), and (3) an 
on-die capacitance in the semiconductor die. One of the 
parameters that affects impedance and performance of the 
three-stage power delivery network is the second stage decou 
pling capacitor placement relative to the “trace' inductance 
and the decoupling capacitor's parasitic inductance (e.g., 
equivalent series inductance). That is, the lower the imped 
ance (which is adjusted by changing the capacitance and 
inductance values of the power delivery network), the better 
the performance. 

There are a number of techniques that can be used to adjust 
the capacitance and inductance of any power delivery net 
work. For example, high density metal-insulator metal thin 
film capacitors or low-equivalent series inductance wide band 
capacitors may be used. Such capacitors have flexible capaci 
tances and result in improved impedance and performance 
when compared to typical multi-layer co-fired ceramic 
capacitors. Also, the trace inductance may be adjusted by 
using through-glass interposer or passive on glass technolo 
gies that also integrate decoupling capacitors with the Sub 
strate having the inductor. 

In the implementation of the three-stage power delivery 
network, there are currently at least three stages of capaci 
tances that are specified between a power management inte 
grated circuit and an output device. The first stage may be 
used to reduce or eliminate low frequency noise (e.g., around 
1 MHz) from a switch-mode power supply and the printed 
circuit board. The second stage may be used to reduce or 
eliminate mid-frequency noise (e.g., around 10 MHz) from 
the package of the overall device. That is, there are two 
separate capacitances in the first and the second stages: the 
first capacitance in the first stage to reduce the Switching noise 
for the Voltage regulator module, and the second capacitance 
that is mainly the decoupling capacitance for the output 
device. The third stage may be used to prevent the first drop in 
frequency response (in a time domain transient analysis, for 
example) when the output device is in a transient mode. The 
overall switching noise of the three-stage power delivery 
network is in the range of 1-40 MHZ. A package decoupling 
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4 
capacitance may reduce the board and package Switching 
noise by an order of 100 MHz. 

Because many contemporary devices demand high current, 
the Switching capabilities of the point of load in performing a 
DC to DC voltage conversion can be fast. This fast perfor 
mance is specified by dynamic Voltage and frequency Scaling. 
Furthermore, in this three-stage implementation, there is a 
large discrepancy between the frequency responses of the 
voltage regulator feedback point and the point of load. The 
Voltage regulator feedback point and the point of load are far 
from each other. The distance between the voltage regulator 
feedback point and the point of load causes a slower response 
in terms of dynamic Voltage and frequency scaling. Further 
more, a performance improvement in each stage will yield 
only a minor performance enhancement. 

According to an aspect of the present disclosure, a novel 
two-stage power delivery network architecture results in 
improved impedance and performance, and is a suitable alter 
native to the conventional three-stage power delivery net 
work. The two-stage power delivery network merges the low 
pass filter and on-package decoupling capacitor stages into 
one stage. The power delivery network is simplified into just 
two stages: (1) the low pass filter stage and (2) the on-die 
capacitance stage, resulting in improved transient response 
and increased performance. Furthermore, the capacitance and 
inductance may be improved in the two-stage power delivery 
network by State of the art technologies. For the capacitance, 
high density metal-insulator-metal thin-film capacitors or 
low-equivalent series inductance wide band capacitors may 
be used. For the inductance, high-density Solenoid inductors 
using through glass vias and through glass interposer tech 
nology may be used to achieve high-power and low-loss with 
improved impedance and performance. 
A two-stage power-delivery network implementation 

solves problems of the three-stage power-delivery network 
implementation. In one configuration, the effect of the pack 
age decoupling capacitance is reduced and the architecture 
improves the overall impedance and the transient analysis. 
For example, high performance embedded passive substrate 
decoupling capacitances may be used to provide a low 
equivalent series inductance and a low wide band impedance 
profile. Also, through glass interposer inductors that are high 
power and low-loss may be used to reduce trace inductance. 
High performance decoupling capacitors may also be used. In 
addition, the decoupling capacitors and/or low pass filter 
capacitors may be directly integrated with the through glass 
interposer inductor on one side of the substrate in which the 
inductor is embedded, for example. 

FIG. 1 is a schematic diagram of a two-stage power deliv 
ery network 100 according to an aspect of the present disclo 
sure. A two-stage power delivery network 100 includes a 
Voltage regulator module 102, a first stage 104 and a second 
stage 114. There is also a Voltage regulator feedback point 
144 between the first stage 104 and the second stage 114. The 
first stage 104 includes parasitic inductance 116, 120, para 
sitic resistance 108, 118, and a first capacitance 122. The 
second stage 114 includes parasitic inductance 126, parasitic 
resistance 128, and a point of load 140. The point of load 140 
has an on-die capacitance 131 that may include an internal 
capacitance 130 and a damping capacitance 134. The point of 
load 140 also includes an internal resistance 132, an overall 
impedance 133, a damping resistance 136 and an output 
device 142. The overall impedance 133 is an impedance taken 
of the two-stage power delivery network 100 which may be 
measured from the point above the output device 142. There 
is also a ground terminal 138 within the two-stage power 
delivery network 100. The first stage 104 and the second stage 
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114 are within a package 146, which may include a package 
substrate 148, as more clearly shown in FIG. 2. 
The voltage regulator module 102 is a device configured to 

maintain a constant Voltage level. The inductance 106 may 
include combined inductance of the Voltage regulator module 
102 (or a surface mount technology inductance, or inductance 
caused by Surface mount technology) in addition to parasitic 
inductance from the printed circuit board 154 (shown in FIG. 
2). The first capacitance 122 may include the combined 
capacitance from the Voltage regulator module 102 and any 
decoupling capacitance from any nearby components. The 
inductance 120 may include any trace inductance from the 
overall device near the second stage 114. 
As shown in FIG. 1, the on-die capacitance 131 may 

include any capacitance or decoupling capacitance distrib 
uted over the two-stage power delivery network 100, includ 
ing the internal capacitance 130 and the damping capacitance 
134. The internal capacitance 130 may include any capaci 
tance internal to the point of load 140. The internal resistance 
132 may include any resistance internal to the point of load 
140. The damping capacitance 134 may include any capaci 
tance that dampens or Suppresses the capacitance of the point 
of load 140. The damping resistance 136 may include any 
resistance that dampens or Suppresses the resistance of the 
point of load 140. 
The output device 142 may be any device that would 

receive power, or that would benefit from a power delivery 
network, such as the two-stage power delivery network 100. 
For example, in one implementation, the output device 142 
may be a modem, an application processor or any such similar 
device. In one implementation, the output device 142 is 
implemented as a die. 
The first capacitance 122 combines both the capacitance 

that reduces the Switching noise from the Voltage regulator 
module 102 and the decoupling capacitance for the output 
device 142 into one single capacitance. Therefore, the stages 
are reduced and the first capacitance 122 more efficiently 
handles capacitances for both stages of the two-stage power 
delivery network 100. 
The two-stage implementation and design shown in FIG. 1 

eliminates the first, low-frequency stage from the three-stage 
power delivery network implementation, and moves the regu 
lation point or the Voltage regulator feedback point closer to 
the point of load 140. A configuration that moves the voltage 
regulator feedback point 144 and point of load 140 closer 
together provides faster dynamic Voltage and frequency scal 
ing. Fast load interaction between a power management IC 
and the output device 142 is also promoted. Moving the 
voltage regulator feedback point 144 closer to the point of 
load 140 also results injust one pole and one resonance in the 
frequency response, as opposed to multiple poles of the three 
stage power delivery network implementation. This improves 
performance. In one implementation, the loop to generate the 
one pole or one resonance includes the on-die decoupling 
capacitance (Such as first capacitance 122), the fourth induc 
tance 126, and the total inductance of the two-stage power 
delivery network 100. Having one pole or one resonance in 
the frequency response also means there is no ringing, or 
unnecessary drooping patterns in the frequency response. 
Another benefit of the two-stage implementation is a fast 
transient response. 

FIG. 2 is a layout diagram of the two-stage power delivery 
network 100 according to an aspect of the present disclosure. 
The two-stage power delivery network 100 includes the volt 
age regulator module 102, the first capacitance 122, the out 
put device 142, the Voltage regulator feedback point 144, and 
the point of load 140. The network 100 also has a package 
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6 
substrate 148, first conductive interconnects 150, second con 
ductive interconnects 160, a printed circuit board 154, and 
Surface mount technology inductance 152. A package 146 
includes the output device 142, the point of load 140, the first 
conductive interconnects 150, the first capacitance 122, and 
the package substrate 148. The voltage regulator module 102. 
the first capacitance 122, the output device 142, the voltage 
regulator feedback point 144, the package 146, and the point 
of load 140 are the same components as seen in FIG. 1. 
However, the first capacitance 122 can be more clearly seen as 
the capacitance on the package Substrate 148, which may also 
include the capacitance from the Voltage regulator module 
102 and decoupling capacitance from any other nearby com 
ponents. 

Furthermore, the first capacitance 122 may also be the only 
capacitance in the two-stage power delivery network 100. In 
other words, there are no longer other capacitances, such as 
Surface mount technology capacitances, Voltage regulator 
module capacitances or bulk capacitances. The output device 
142 may be deposited over the package substrate 148, as 
shown in FIG. 2. The voltage regulator feedback point 144 
may be contained within the first capacitance 122, unlike the 
Voltage regulator feedback point in the three stage power 
delivery network, which is coupled to multiple components. 
The point of load 140 may also be contained with the con 
ductive interconnects coupling the output device 142 with the 
package Substrate 148. In one implementation, the conductive 
interconnect may be, for example, solder balls, solderpillars, 
or solder bumps. The Surface mount technology inductance 
152 may also include the inductance from the Voltage regu 
lator module 102, which is in turn included in the inductance 
106 along with any inductance from the printed circuit board 
154. The package 146 may also include the output device 142, 
the point of load 140, the first conductive interconnects 150, 
the first capacitance 122, and the package Substrate 148. 

In one implementation, thick conductive films (e.g., metal) 
may be used on both sides of the capacitors (such as capaci 
tors 122, 131, 130 and 134) to give the capacitors a high Q (or 
quality) factor. The bottom plate may have a conductive film 
of up to 5um and the top plate may have conductive film of up 
to 3 lum. This may be uncommon in traditional CMOS based 
capacitors, which often use thin metals (100 to 200 nm). 
Traditional capacitor fabrication processes also use a thinner 
bottom plate and a thickerbottom plate due to the planarity of 
stack up layers. The thinner bottom layer also allows 
improved process control over Subsequently deposited layers. 
In one implementation, the capacitors may also be imple 
mented as a layered structure Such as a layered metal-insula 
tor-metal structure. In one implementation, the capacitor may 
also be a through Substrate interposer capacitor that is fabri 
cated through a Substrate (Such as the package Substrate 148), 
or a through glass interposer capacitor, if the Substrate is 
glass. 

In one implementation, high density metal-insulator-metal 
thin-film capacitors or low-equivalent series inductance wide 
band capacitors may be used. In one implementation, mate 
rials that may be used to fabricate the capacitors include 
aluminum oxide (Al2O), Zinc oxide (ZrO2) and titanium 
oxide (TiO). Other techniques may be used to enhance the 
area of the capacitors, such as double layer metal-insulator 
metal capacitor structure to double the area enhancement, a 
shallow trench capacitor structure for nearly triple the area, a 
deep trench through Substrate capacitor structure for more 
than ten times area gain, or any combination of the above 
techniques or above listed materials. For further improvement 
of capacitor density or area, other trench or through substrate 
capacitor structures may be used. 
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In one implementation, the trace inductance may be 
reduced by placing the decoupling capacitance side-by-side 
or adjacent to the application processor or output device. In 
one implementation, the trace inductance may be reduced by 
embedding the decoupling capacitance underneath the appli 
cation processor or output device, or within the Substrate. In 
one implementation, the trace inductance may be reduced by 
placing the decoupling capacitance at a surface of the Sub 
strate or interposer with multiple links to the power supply or 
Vdd, or right on the Vdd conductive interconnects on the 
application processor or output device. 

In one implementation, the package substrate 148 may 
include a substrate located in the middle and two interposer 
layers Surrounding it, as shown in FIG. 2. In one implemen 
tation, the package substrate 148 may be an interposer. In 
another implementation, the package Substrate 148 may be a 
Substrate with no interposer materials. An interposer may be 
defined to be an electrical interface routing between one link 
to another. 

FIGS. 3 and 4 are top-down views of inductors that may be 
used in a two-stage power delivery network implementation 
according to aspects of the present disclosure. FIG. 3 shows 
one possible implementation of a planar inductor 300 that is 
on top of a substrate 304 and does not extend through the 
substrate. An input 302 and an output 306 of the planar 
inductor 300 generate a planar magnetic field 308 relative to 
the plane of the substrate 304. The planar inductor 300, how 
ever, does not use the entire substrate 304, and may be limited 
in terms of electromagnetic inductance as well as being Sub 
ject to Switching noise. 

FIG. 4 shows a through substrate inductor 400 that is inte 
grated within a substrate 426 and extends through it. Current 
runs through an input 402, a first top conductive layer 404, a 
first via 406, and a first bottom conductive layer 408. The 
current then flows through a second via 410, a second top 
conductive layer 412, a third via 414, a second bottom con 
ductive layer 416, a fourth via 418, a third top conductive 
layer 420 and finally an output 422. The current flow gener 
ates a lateral magnetic field 424. The lateral magnetic field 
424 has improved electromagnetic inductance when com 
pared to a planar magnetic field 308, which moves in the 
planar direction. Because the lateral magnetic field 424 is in 
the lateral direction, it possesses Switching noise shielding 
and prevents Switching noise more so than the planar mag 
netic field 308. 

FIG. 5A is a diagram of a two-stage power delivery net 
work 500 according to an aspect of the present disclosure. The 
implementation of the two-stage power delivery network 500 
is similar to the two-stage power delivery network 100 shown 
in FIG.2. The two-stage power delivery network 500 includes 
a voltage regulator module 502, a point of load 540, an output 
device 542, a Voltage regulator feedbackpoint 544, a package 
substrate 548, a set of first conductive interconnects 550, a 
capacitance 522, a set of second conductive interconnects 
560, a printed circuit board 554 and an inductance 552. The 
capacitance 522 may be package capacitance generated from 
being on the package substrate 548, and the inductance 552 
may be inductance caused by Surface mount technology when 
the voltage regulator module 502 is adhered to the printed 
circuit board 554, for example, as well as any distributed 
inductance, or any trace inductance caused by the printed 
circuit board 554. A goal is to reduce both the inductance 552 
and the capacitance 522 as much as possible to improve 
speed, performance and to achieve a fast transient response. 

FIG. 5B is a diagram of a two-stage power delivery net 
work 510 according to another aspect of the present disclo 
sure. The two-stage power delivery network 510 is similar to 
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8 
the two-stage power delivery network 500 from FIG.5A. The 
difference is that the inductor 564 is implemented in the 
package substrate 548 as a through Substrate interposer 
inductor or through glass interposer inductor, if the package 
substrate 548 is glass. By implementing the inductor 564 as a 
through Substrate interposer or a through glass interposer 
inductor, the inductance 552 from FIG. 5A is significantly 
reduced, although there still may be some inductance that 
exists by virtue of the voltage regulator module 502 being 
coupled to the printed circuit board 554 with the set of second 
conductive interconnects 560. Also, as a result of the inductor 
564 being implemented as a through substrate interposer or 
through glass interposer inductor, the capacitance 522 is 
reduced and mainly results from the inductor 564. In one 
implementation, the capacitance 522 may be a through Sub 
strate interposer capacitor that is fabricated in the package 
Substrate 548, or a through glass interposer capacitor, if the 
package substrate 548 is glass. In one implementation, the 
inductor 564 may be the main inductor at the output of the 
voltage regulator module 502. 

FIG. 5C is a diagram of a two-stage power delivery net 
work 520 according to yet another aspect of the present dis 
closure. The two-stage power delivery network 520 is similar 
to the two-stage power delivery network 510 from FIG. 5B. 
The difference is that the voltage regulator module 502 is now 
provided on the package substrate 548 (which may be glass) 
coupled with the set of first conductive interconnects 550 
located at the point of load 540. By integrating the voltage 
regulator module 502 onto the package substrate 548 with the 
set of first conductive interconnects 550, the previous induc 
tance 552 from FIG. 5A or any inductance caused from volt 
age regulator module 502 contacting the printed circuit board 
554 via the second conductive interconnects 560 from FIG. 
5B is significantly reduced or may even be eliminated. 

Although there may be some inductance from the Voltage 
regulator module 502 contacting the package substrate 548 
with the set of smaller first conductive interconnects 550 at 
the point of load 540, the inductance may be less compared to 
the inductance incurred when the Voltage regulator module 
502 contacts the printed circuit board 554 via the set of second 
conductive interconnects 560. In one implementation, the 
conductive interconnects (e.g., the set of second conductive 
interconnects 560 and the set of first conductive interconnects 
550 at point of load 540) are for example, solder balls, solder 
pillars, or solder bumps. The overall inductance is also 
reduced by having an inductor 564 that is implemented as a 
through Substrate interposer or a through glass interposer 
inductor, as discussed above in FIG. 5B. The through sub 
strate interposer or through glass interposer approach shown 
in FIGS. 5B and 5C also reduces the capacitance 522. 
FIG.5D is a diagram of a two-stage power delivery net 

work530 according to an aspect of the present disclosure. The 
two-stage power delivery network 530 is similar to the two 
stage power delivery network 520 from FIG. 5C, the differ 
ence being that the voltage regulator module 502 is integrated 
into a surface of the package Substrate 548. By integrating the 
voltage regulator module 502 with a surface of the package 
substrate 548, any inductance from the voltage regulator 
module 502 is significantly reduced if not altogether elimi 
nated. The overall inductance is also reduced by having an 
inductor 564 that is implemented as a through substrate inter 
poser or a through glass interposer inductor, as discussed 
above in FIGS 5B and 5C. 
FIG.5E is a diagram of a two-stage power delivery network 

532 according to still another aspect of the present disclosure. 
The two-stage power delivery network 532 is similar to the 
two-stage power delivery network 510 from FIG. 5B, but 



US 9,101,068 B2 

slightly enlarged. The two-stage power delivery network 532 
includes a voltage regulator module 502, first conductive 
interconnects 550 (which may be at the same location as the 
point of load 540 shown in FIGS.5A-5D), an output device 
542, a package substrate 548, a first interposer surface 566, a 
second interposer surface 568, an inductance 564, a capaci 
tance 522, second conductive interconnects 560 and a printed 
circuit board 554. 
The first interposer surface 566 and the second interposer 

surface 568 may include layers or protective materials to 
protect the package substrate 548 located in between. In one 
implementation, the package substrate 548 may be con 
structed from a low loss material that includes glass, air, 
quartz, Sapphire, high-resistivity silicon, or other like semi 
conductor materials. A through substrate interposer inductor 
564 may then be inserted through the package substrate 548. 
If the material of the package substrate 548 is glass, then the 
inductor 564 will be known as a through glass interposer 
inductor 564. 

In one implementation, the capacitance 522 may be imple 
mented as a through Substrate interposer capacitor or a 
through glass interposer capacitor, if the package substrate 
548 is glass. Although there may be some inductance as a 
result of the voltage regulator module 502 contacting the 
printed circuit board 554 with the second conductive inter 
connects 560, there is less inductance overall. There is less 
overall inductance because of the use of a through glass 
interposer inductor as the inductor 564 as part of the overall 
design of the two-stage power delivery network 532. 

In one implementation, the package Substrate 548 and the 
interposer surfaces 566 and 568 may be characterized as an 
overall substrate or interposer. In the case of FIG. 5E, that 
would mean both surfaces/layers 566 and 568 would also be 
made of the low loss material including glass, air, quartz, 
Sapphire, high-resistivity silicon or other like semiconductor 
materials, although they could be made of dielectric or insu 
lating materials. In one implementation, the package Sub 
strate 548 includes a substrate located in the middle and two 
layers surrounding it, as shown in FIGS.5A, 5B, 5C, 5D and 
5E. For example, in FIG. 5E, the package substrate 548 is in 
the middle of the two interposer surfaces 566 and 568, which 
may be protective layers. In one implementation, the package 
substrate 548 may be an interposer. In another implementa 
tion, the package substrate 548 is a substrate, with no inter 
poser materials. 

In one implementation, the trace inductance is reduced by 
placing the decoupling capacitance side-by-side or adjacent 
to the application processor or output device. In another 
implementation, the trace inductance may be reduced by 
embedding the decoupling capacitance underneath the appli 
cation processor or output device, or within the Substrate. In 
yet another implementation, the trace inductance may be 
reduced by placing the decoupling capacitance at a surface of 
the substrate or interposer with multiple links to the power 
Supply or Vdd, or right on the Vdd conduction interconnects 
on the application processor or output device. 

FIG. 6 is a process flow diagram 600 illustrating a method 
of making a two-stage power delivery network according to 
an aspect of the present disclosure. In block 602, through 
substrate vias are formed in a substrate. In block 604, traces 
are deposited on a first surface of the substrate and they are 
then coupled to the through substrate vias. In block 606, 
traces are deposited on a second surface of the Substrate. The 
traces on the second surface of the Substrate are then coupled 
in a serpentine manner with the through substrate Vias to the 
traces on the first surface of the substrate in order to forma3D 
inductor or a through Substrate inductor. 
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10 
In block 608, a capacitor may then be formed on the sub 

strate. In one implementation, a capacitor may be formed on 
the substrate before block 602, or after block 610. In block 
610, other components may be formed on the substrate. This 
may include, for example, integrating a Voltage regulator 
module onto a surface of the Substrate, adhering an output 
device to a surface of the substrate, adhering the substrate to 
a printed circuit board, adhering a Voltage regulator module to 
a printed circuit board, and coupling the Voltage regulator 
module to the Substrate. In one implementation, the integrat 
ing, adhering and coupling may be done by semiconductor 
fabrication processes Such as etching, development, deposi 
tion or sputtering, or by connection with Solder balls, Solder 
pillars or solder bumps. 

According to a further aspect of the present disclosure, 
circuitry for a two-stage power delivery network is described. 
The two-stage power delivery network includes a Voltage 
regulator and an interposer that is coupled to the Voltage 
regulator. The interposer may be a packaging Substrate having 
an embedded inductor including multiple traces and through 
Substrate Viasat opposing ends of the traces. The two-stage 
power delivery network also includes a die supported by the 
packaging Substrate. The two-stage power delivery network 
further includes a means for storing charge. The storage 
means may include means for decoupling stored charge asso 
ciated with the die and means for reducing Switching noise of 
the Voltage regulator. The charge storing means may be the 
package capacitor 122 or 522. In another aspect, the afore 
mentioned means may be any module or any apparatus con 
figured to perform the functions recited by the aforemen 
tioned means. 

FIG. 7 is a block diagram showing an exemplary wireless 
communication system 700 in which an aspect of the disclo 
Sure may be advantageously employed. For purposes of illus 
tration, FIG.7 shows three remote units 720,730, and 750 and 
two base stations 740. It will be recognized that wireless 
communication systems may have many more remote units 
and base stations. Remote units 720,730, and 750 include IC 
devices 725A, 725C, and 725B that may include the disclosed 
power delivery network devices. It will be recognized that 
other devices may also include the disclosed power delivery 
network devices, such as the base stations, Switching devices, 
and network equipment. FIG. 7 shows forward link signals 
780 from the base station 740 to the remote units 720, 730, 
and 750 and reverse link signals 790 from the remote units 
720, 730, and 750 to base stations 740. 

In FIG. 7, remote unit 720 is shown as a mobile telephone, 
remote unit 730 is shown as a portable computer, and remote 
unit 750 is shown as a fixed location remote unit in a wireless 
local loop system. For example, the remote units may be 
mobile phones, hand-held personal communication systems 
(PCS) units, portable data units such as personal data assis 
tants, GPS enabled devices, navigation devices, set top boxes, 
music players, video players, entertainment units, fixed loca 
tion data units such as meter reading equipment, or other 
devices that store or retrieve data or computer instructions, or 
combinations thereof. Although FIG. 7 illustrates remote 
units according to the aspects of the disclosure, the disclosure 
is not limited to these exemplary illustrated units. Aspects of 
the disclosure may be suitably employed in many devices, 
which include the disclosed power delivery network devices. 

FIG. 8 is a block diagram illustrating a design workstation 
used for circuit, layout, and logic design of a semiconductor 
component, such as the disclosed power delivery network 
devices. A design workstation 800 includes a hard disk 801 
containing operating system Software, Support files, and 
design software such as Cadence or OrCAD. The design 
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workstation 800 also includes a display 802, to facilitate 
design of a circuit 810 or a semiconductor component 812 
Such as a power delivery network device. A storage medium 
804 is provided for tangibly storing the circuit design 810 or 
the semiconductor component 812. The circuit design 810 or 
the semiconductor component 812 may be stored on the stor 
age medium 804 in a file format such as GDSII or GERBER. 
The storage medium 804 may be a CD-ROM, DVD, hard 
disk, flash memory, or other appropriate device. Furthermore, 
the design workstation 800 includes a drive apparatus 803 for 
accepting input from or writing output to the storage medium 
804. 

Data recorded on the storage medium 804 may specify 
logic circuit configurations, pattern data for photolithography 
masks, or mask pattern data for serial write tools such as 
electronbeam lithography. The data may further include logic 
Verification data Such as timing diagrams or net circuits asso 
ciated with logic simulations. Providing data on the storage 
medium 804 facilitates the design of the circuit design 810 or 
the semiconductor component 812 by decreasing the number 
of processes for designing semiconductor wafers. 

For a firmware and/or software implementation, the meth 
odologies may be implemented with modules (e.g., proce 
dures, functions, and so on) that perform the functions 
described herein. A machine-readable medium tangibly 
embodying instructions may be used in implementing the 
methodologies described herein. For example, software 
codes may be stored in a memory and executed by a processor 
unit. Memory may be implemented within the processor unit 
or external to the processor unit. As used herein, the term 
“memory” refers to types of long term, short term, volatile, 
nonvolatile, or other memory and is not to be limited to a 
particular type of memory or number of memories, or type of 
media upon which memory is stored. 

If implemented in firmware and/or software, the functions 
may be stored as one or more instructions or code on a 
computer-readable medium. Examples include computer 
readable media encoded with a data structure and computer 
readable media encoded with a computer program. Com 
puter-readable media includes physical computer storage 
media. A storage medium may be an available medium that 
can be accessed by a computer. By way of example, and not 
limitation, Such computer-readable media can include RAM, 
ROM, EEPROM, CD-ROM or other optical disk storage, 
magnetic disk storage or other magnetic storage devices, or 
other medium that can be used to store desired program code 
in the form of instructions or data structures and that can be 
accessed by a computer, disk and disc, as used herein, 
includes compact disc (CD), laser disc, optical disc, digital 
versatile disc (DVD), floppy disk and Blu-ray disc where 
disks usually reproduce data magnetically, while discs repro 
duce data optically with lasers. Combinations of the above 
should also be included within the scope of computer-read 
able media. 

In addition to storage on computer readable medium, 
instructions and/or data may be provided as signals on trans 
mission media included in a communication apparatus. For 
example, a communication apparatus may include a trans 
ceiver having signals indicative of instructions and data. The 
instructions and data are configured to cause one or more 
processors to implement the functions outlined in the claims. 

Although the present disclosure and its advantages have 
been described in detail, it should be understood that various 
changes, Substitutions and alterations can be made herein 
without departing from the technology of the disclosure as 
defined by the appended claims. For example, relational 
terms, such as “above' and “below” are used with respect to 
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a substrate or electronic device. Of course, if the substrate or 
electronic device is inverted, above becomes below, and vice 
versa. Additionally, if oriented sideways, above and below 
may refer to sides of a substrate or electronic device. More 
over, the scope of the present application is not intended to be 
limited to the particular configurations of the process, 
machine, manufacture, composition of matter, means, meth 
ods and steps described in the specification. As one of ordi 
nary skill in the art will readily appreciate from the disclosure, 
processes, machines, manufacture, compositions of matter, 
means, methods, or steps, presently existing or later to be 
developed that perform substantially the same function or 
achieve Substantially the same result as the corresponding 
configurations described herein may be utilized according to 
the present disclosure. Accordingly, the appended claims are 
intended to include within their scope Such processes, 
machines, manufacture, compositions of matter, means, 
methods, or steps. 

What is claimed is: 
1. A two-stage power delivery network, comprising: 
a Voltage regulator; 
an interposer comprising a packaging Substrate having an 
embedded inductor including a plurality of traces and a 
plurality of through Substrate Viasat opposing ends of 
the plurality of traces, the interposer coupled to the 
Voltage regulator, 

a semiconductor die Supported by the packaging Substrate; 
and 

a metal-insulator-metal capacitor directly on the packaging 
substrate and embedded within a protective layer of the 
interposer, the metal-insulator-metal capacitor operable 
to provide a decoupling capacitance associated with the 
semiconductor die and a capacitance to reduce a Switch 
ing noise of the Voltage regulator. 

2. The two-stage power delivery network of claim 1, fur 
ther comprising a printed circuit board Supporting the pack 
aging Substrate and the Voltage regulator. 

3. The two-stage power delivery network of claim 1, in 
which the packaging Substrate comprises glass, air, quartz, 
Sapphire or high-resistivity silicon. 

4. The two-stage power delivery network of claim 1, in 
which opposing sides of the capacitor comprise thick conduc 
tive films to provide a high quality factor value. 

5. The two-stage power delivery network of claim 1, in 
which the Voltage regulator is provided on a Surface of the 
interposer. 

6. The two-stage power delivery network of claim 1, inte 
grated into a mobile phone, a set top box, a music player, a 
Video player, an entertainment unit, a navigation device, a 
computer, a hand-held personal communication systems 
(PCS) unit, a portable data unit, and/or a fixed location data 
unit. 

7. A two-stage power delivery network, comprising: 
a means for regulating Voltage; 
an interposer comprising a packaging Substrate having an 
embedded inductor including a plurality of traces and a 
plurality of through Substrate Viasat opposing ends of 
the plurality of traces, the interposer coupled to the 
Voltage regulating means; 

a die Supported by the packaging Substrate; and 
a metal-insulator-metal capacitor directly on the packaging 

substrate and embedded within a protective layer of the 
interposer, the metal-insulator-metal capacitor operable 
to provide a decoupling capacitance associated with the 
semiconductor die and a capacitance to reduce a Switch 
ing noise of the Voltage regulating means. 
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8. The two-stage power delivery network of claim 7, inte 
grated into a mobile phone, a set top box, a music player, a 
Video player, an entertainment unit, a navigation device, a 
computer, a hand-held personal communication systems 
(PCS) unit, a portable data unit, and/or a fixed location data 5 
unit. 
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